An on-line column preconcentration technique coupled with inductively coupled plasma-mass spectrometry (ICP-MS) and -atomic emission spectrometry (ICP-AES) was developed using a mini-column (ca. 3 mm i.d., 40 mm length), that was packed with chelating resin (0.2 g) of iminodiacetic acid groups, Muromac A-1. After the preconcentration step, the column was washed with ammonium acetate buffer (pH 5.5) and water to remove major elements, such as Ca and Mg, and then eluted with 4 ml of 2 mol l -1 nitric acid. Eleven trace elements (Al, V, Fe, Co, Ni, Cu, Zn, Cd, Pb, Th and U) in seawater were determined by ICP-MS/AES. Recoveries for most of the elements tested were over 90%, although those for Al, V and Th were around 70%. The accuracy of the proposed method was evaluated by analyzing a standard reference material of seawater (NASS-4, NRC Canada). The values of Fe, Co, Ni, Cu, Zn, Cd and Pb obtained with the present method showed good agreement with the certified values as judged from the standard deviation. The method was successfully applied to characterize seasonal variations of trace elements in deep seawater (DSW) and surface seawater (SSW). In addition, no serious decrease in analytical performance of the present column system was observed during the experimental period of about 1 year.
Introduction
Deep seawater (DSW), which is defined as the seawater below a depth of about 200 m for industrial use, has been characterized with a constant salinity and a limited number of virus and plankton. 1, 2 Attention has been given to DSW for its potential as a new resource for foods, alcohol and many other materials in recent years. [3] [4] [5] Since trace elements are significantly related to the bioavailability or toxicity of seawater, it is important to reveal the characteristics of seawater. However, the knowledge of the basic characteristics of DSW including trace elements is insufficient, although there is a finding of major elements. It is, therefore, desirable to determine as many as possible trace elements for comprehensive appreciation of the distributions of trace elements in the marine environment.
Direct determination of trace elements in extremely low concentrations by modern atomic spectroscopy techniques in many cases is difficult. This is not only due to the insufficient sensitivity of the methods, but also to the matrix effect. Many papers published recommend the use of off-line and on-line preconcentration and separation systems as a means of reducing or eliminating spectroscopic and non-spectroscopic interferences in seawater samples. In general, one of the major advantages of on-line procedures is how easy it is to assemble a closed system and to lower airborne contamination. More recently, the use of various types of adsorbent for the preconcentration and separation of trace elements has gained popularity because of the high concentration factor achieved, the simple operation, and the possibility of using a closed circulation system. The combinations with modern analytical techniques, such as inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma atomic emission spectrometry (ICP-AES), permit simultaneous multielement determination. 6 Since concentrations of trace elements in seawater are very low in comparison to those of major (matrix) elements such as Na, K, Mg and Ca, the separation of matrix elements and preconcentration of trace elements should be performed prior to their determination by ICP-MS/AES. As the separation and/or preconcentration methods, coprecipitation, 7-10 chelating resin adsorption, [11] [12] [13] [14] [15] [16] [17] [18] [19] and solvent extraction 20, 21 have been widely employed in seawater analysis. Among them, it appears that the chelating resin method is one of most suitable techniques for simultaneous multielement preconcentration due to its excellent ability to collect several elements simultaneously, accompanied with high enrichment factor and high collection efficiency. In addition, the use of an organic solvent, which is sometimes very toxic, can be avoided by using a chelating resin as a pretreatment method.
Several works using a chelating resin, Muromac A-1, for preconcentration of trace elements in seawater have been 6, 12, 14 Muromac A-1 resin is a highly cross-linked iminodiacetate resin based on a macroporous substrate with no tendency for volume change. This is an important advantage over other chelating resins. From the experiences with Muromac A-1 to date, it becomes apparent that the optimum experimental conditions for preconcentration and elution procedure are still elusive.
Namely, several additional experiments are required for the optimal conditions of pH dependences, elimination of Mg and Ca adsorbed on the resin, and the elution efficiency for the determination of trace elements in seawater samples.
In the present work, therefore, the experimental conditions have been investigated in detail to establish an on-line preconcentration system using a simple and laboratoryassembled minicolum packed with chelating resin. Furthermore, the present analytical method was applied to the multielemental analysis of DSW collected from Muroto, Japan, and the seasonal variation of trace elements in seawater was characterized.
Experimental

Instrumentation
An ICP-MS instrument, Model Agilent 7500c (Agilent Technologies, USA), with a quadrudpole-type mass spectrometer was used for the determination of trace elements. An ICP-AES, Model Optima 3000XL (Perkin Elmer, USA), was also used for the determination of iron. The instrumental components and operating conditions are shown in Table 1 . These operating conditions were chosen after optimization of each instrumental parameter in the ICP-MS and ICP-AES instruments. The analytical detection limits are shown in Table 2 .
The instrumental detection limits were obtained as the concentration of each element corresponding to 3-fold the standard deviation (3σ) of background signal intensities for the blank solution (2 M HNO3), where the standard deviation was calculated from 10 measurements at each wavelength or mass number.
Reagents and materials
Nitric acid, hydrochloric acid, acetic acid and aqueous ammonia solution used were of ultra-pure grade (Kanto Chemicals Co., Tokyo, Japan). The multielement standard solutions were prepared by accurate dilution of a mixed standard solution containing 10 mg l -1 of 25 elemental metal ions for ICP-MS (Kanto Chemicals Co., Tokyo). They are Al, Sb, As, Ba, Be, Cd, Ca, Cr, Co, Cu, Fe, Pb, Mg, Mn, Mo, Ni, K, Se, Ag, Na, Tl, Th, U, V, Zn. The standard solutions of these elements were dissolved in 2 M HNO3. Ultrapure water (18.2 MΩ cm -1 resistivity) prepared with Milli-Q Labo (Nihon Millipore, Japan) was used throughout.
Materials that came into contact with the samples were acidcleaned before use. Teflon and polypropylene vessels were cleaned by soaking in 2 M HNO3 for about 4 h and subsequent soaking in hot (80˚C) 0.1 M HNO3 overnight, and finally soaking in pure water. An iminodiacetate resin (Muromac A-1, 50 -100 mesh, Muromachi Technos, Japan) was soaked in 2 M 1164 ANALYTICAL SCIENCES SEPTEMBER 2006, VOL. 22 HNO3 and 5 M HCl, which was changed five times every 24 h, and was washed with water before use.
Preconcentration procedures
The schematic diagrams for the on-line preconcentration of trace elements are shown in Fig. 1 . The column was assembled by using PTFE tubing (40 mm × 3.38 mm i.d.), in which the resin was packed. Both ends of the column were plugged with quartz wool (and PTFE tubing) to keep the resin within the column. In addition, the column can be connected with a syringe filter tip so it can be used as a portable column for batchwise collection in outdoor or indoor experiments. This column provides an excellent performance during the experimental period of about 1 year.
The following preconcentration procedure for the seawater samples was established as the recommended method after optimization. First, the pH of the sample solution was adjusted to 5.5 with acetic acid and aqueous ammonia solution. The sample solution was passed through the column at the flow rate of 2.0 ml min -1 using a peristaltic pump (MaterFlex, ColeParmer Inst. Co., USA). The valve V1 was then switched to the treatment position, and the resin was washed with 30 ml of 1 M ammonium acetate solution to remove salt residues. After washing with 10 ml of pure water by switching the valve V2, the collected trace elements were eluted with 4 ml of 2 M HNO3 at the flow rate of 1.0 ml min -1 by a syringe pump (Hamilton, USA). Finally, the eluates were measured by ICP-MS/AES.
In the recovery test, the mixed standard solutions containing the analytes were added into the seawater sample solutions (10 -100 μg l -1 ), and the experimental procedure described above was carried out to estimate the recovery values.
Seawater sample
Deep seawater (DSW) and surface seawater (SSW) were obtained from the sluice gates of Kochi Prefectural Deep Seawater Laboratory, Muroto, Kochi, which pumped up the waters from a depth of 320 m and 0.5 m, respectively. The samples were collected once a month from July 2002 to August 2003. All seawater samples were collected in one liter polypropylene bottles. Then the samples were filtered through the membrane filter of nitrocellulose ester (0.45 μm, Advantec, Toyo, Japan) and acidified to pH 2 with nitric acid, and then stored in a refrigerator (4˚C) before analysis.
Results and Discussion
Condition of preconcentration system
In order to obtain accurate and precise analytical results, one should perform the efficient preconcentration of trace elements in seawater prior to the ICP-MS measurement. Therefore, in this work, the pH dependence, the volume of ammonium acetate solution needed to eliminate matrices (Na, K, Ca, Mg) adsorbed on the resin and the volume of the eluent solution were carefully investigated.
pH dependence of recoveries of trace elements
The recoveries of various analytes were examined in the pH range of 3 -6, using the preconcentration procedures described in the Experimental section. The results are illustrated in Figs. 2a -d. Four types of characteristic behaviors of analyte elements were observed when the pH was varied. As can be seen in Fig. 2a , the recoveries of Fe, and Cu were almost constant (> 80%) in the pH range 3 -6. The recovery curves in Fig. 2b 1165 ANALYTICAL SCIENCES SEPTEMBER 2006, VOL. 22 show that the recoveries of V and Mo decreased in the pH range of 3 -6. On the other hand, Fig. 2c shows that the recoveries of Al, Co, Ni, Zn, Cd, Pb, Th and U increased in the pH range of 2 -5, and they reached maximum recoveries near pH 5 -6. As it is shown in Fig. 2d , the recoveries of Cr(VI) and Mn were very poor in the pH range of 3 -6.
Furthermore, as can be seen in Fig. 2 , the recoveries for most elements were generally very low in the pH range of 2 -3. Since the iminodiacetate functional groups of the resin rarely release a proton at the lower pH, trace elements are prevented from adsorbing on the chelating resin through the complex formation, which results in the poor recoveries of most heavy metals. However, the recoveries of V and Mo that form oxoanions decreased in the higher pH region.
As shown in Fig. 2 , the larger recoveries of almost all elements were obtained in the pH range of 5 -6. Accordingly, pH 5.5 was selected to allow simultaneous collection/preconcentration of trace elements in seawater.
Elimination of major elements adsorbed on resin with ammonium acetate solution
It is well known that the major elements are significantly adsorbed on the resin when seawater is treated with the Muromac A-1 resin. It has been proposed that Ca and Mg retained on the resin should be removed by washing the resin with ammonium acetate aqueous solution 22 to minimize the matrix effect on the measurement of analytes by ICP-MS/AES. Thus, removal of matrix elements was examined by using various volumes of ammonium acetate solution. The concentrations of Na, K, Ca and Mg were 315, 12, 111, 134 mg l -1 , respectively, in 10 ml of the first washing solution. On the other hand, the concentration of the matrix was below 1 mg l -1 , when the washing volume was 30 ml. As a result, the compromised washing volume of ammonium acetate solution was chosen to be 30 ml.
Volume of the eluent for the elution of trace elements from the resin
The elution of trace elements from the resin was investigated by using 0.5-or 1.0-ml fraction of 2 M HNO3. Figure 3 shows the progressive removal of the all elements. Almost all elements were completely removed with 1 ml in total. However, Al and V were removed with 4 ml in total. As a result, the eluent volume of 4 ml (2 M HNO3) in total was selected.
Determination of trace elements in open ocean seawater reference material (NASS-4)
Trace elements in open ocean seawater reference material (NASS-4) were determined by the present analytical method. The results are summarized in Table 3 . The analytical results for Co, Ni, Cu, Zn, Cd and Pb were in good agreement with the 1166 ANALYTICAL SCIENCES SEPTEMBER 2006, VOL. 22 certified values as judged from the standard deviation. However the value for Fe was higher than the certified value. In the ICP-MS measurement, the major elements in the sample solution often cause spectral interferences with analytes due to polyatomic and divalent ions. It was reported that 57 Fe overlaps with 40 Ar 16 O 1 H. 23 Accordingly, Fe was determined by ICP-AES for more accurate results.
As for the elements whose certified values have been not issued by NRC, the recoveries of elements in spiked seawater were performed; the results are summarized in Table 4 . It was found that the recoveries were more than 80% for almost all elements. The recoveries for Al, V and Th were 69, 68 and 70%, respectively, whereas the recoveries of Sb, As, Cr(VI), Mn, Mo, Se, Ag and Tl were less than 50%.
The blank values in the present method are also summarized in Table 4 . The blank values were almost negligible because they were much lower than the abundances of the trace elements in seawater.
Dissolved trace elements in Muroto DSW and SSW
The analytical method explored in the present experiment was also applied to the determination of trace elements in DSW and SSW collected from Muroto City, Japan. The results are summarized in Table 5 , where corrections were made by using the data of the recovery efficiency. In Table 5 The concentrations of V and U in DSW were almost at the same levels as those in SSW. These results indicate that V and U exist as the stable oxo-ions, and thus we conclude that they are well mixed and keep their concentrations almost constant throughout the full water column. 24 The concentrations of Al and Zn were relatively higher in SSW, compared to those in DSW. Thus, the higher concentrations of these elements in SSW may be caused by terrestrial supply. Al, Fe, Zn and Pb concentrations of DSW averaged 0.15, 1.16, 0.35 and 0.007 μg l -1 , respectively. It appears that Al, Fe, Zn, and Pb in the North Pacific Ocean at 300 m are 0.027, 0.022, 0.13 and 0.012 μg l -1 , respectively. 25 The concentrations of Al and Fe in DSW were higher than those in the open ocean. The higher concentrations of these elements in DSW may be caused by elution from the bedrock. Other elements resembled those of the open ocean. The depth-dependency of Al, Co, Cd, Ni and Pb, except for Cu and Zn, in Muroto seawater was similar to those in ocean areas. 24 
Fluctuation of concentrations of trace elements in DSW vs. SSW
The concentrations of Ni and Cd in SSW were lower than those in DSW. Seasonal variations of each element were also found. Concentrations of each element in DSW varied little throughout the year, which means that the physicochemical and biological condition of the deep-sea site is unchanged. On the other hand, in SSW, Al, Cu, Pb and Co concentrations in winter were lower than those in other seasons. These results indicate that bioconversion activity, as described above, would be low in DSW throughout the year, while the activity decreases in SSW in winter.
Conclusions
The concentration of trace elements in seawater could be determined by ICP-MS/AES after pretreatment with a chelating resin. Major elements as the matrices in seawater were effectively removed by using ammonium acetate solution. Thus, the Ca and Mg concentrations in the sample solution were much lowered. The analytical values for most elements in open ocean seawater reference material (NASS-4) were in good agreement with the certified values as judged from the standard deviation (Fe, Co, Ni, Cu, Zn, Cd and Pb). There are some elements whose certified values have not been issued by NASS-4; the recoveries of such elements in spiked seawater were examined. The recoveries were more than 80% for almost all elements. These results indicate that the present method was reliable enough to apply to the multielement determination of trace elements in DSW and SSW.
